[1] Tropical deep convection exhibits a variety of levels of aggregation over a wide range of scales. Based on a multisatellite analysis, the present study shows at mesoscale that different levels of aggregation are statistically associated with differing large-scale atmospheric states, despite similar convective intensity and large-scale forcings. The more aggregated the convection, the dryer and less cloudy the atmosphere, the stronger the outgoing longwave radiation, and the lower the planetary albedo. This suggests that mesoscale convective aggregation has the potential to affect couplings between moisture and convection and between convection, radiation, and large-scale ascent. In so doing, aggregation may play a role in phenomena such as ''hot spots'' or the Madden-Julian Oscillation. These findings support the need for the representation of mesoscale organization in cumulus parameterizations; most parameterizations used in current climate models lack any such representation. The ability of a cloud systemresolving model to reproduce observed relationships suggests that such models may be useful to guide attempts at parameterizations of convective aggregation.
Does convective aggregation need to be represented in cumulus parameterizations?
Introduction
[2] Through its strong interactions with atmospheric thermodynamics, cloudiness, and large-scale circulations, deep moist convection plays a key role in the energy and water transfers within the climate system. Consistently, its representation in general circulation models crucially controls the simulation of climate, its variability, and change.
[3] Since convective processes operate at a scale which is smaller than the resolution of current climate models, their representation requires the use of parameterizations. Several cumulus parameterizations have thus been developed to predict, based on the resolved large-scale variables, the collective effects of an ensemble of cumulus on the large-scale atmosphere (see Arakawa [2004] for a review). However, parameterizations inherently constitute a simplistic representation and, despite modeling efforts over the last decades, capturing all aspects of the convection-large-scale atmosphere coupling through parameterizations remains a challenge. One reason is that the key aspects are presumably not all well known, but even the well-identified aspects of this interaction, such as the sensitivity of convection to tropospheric humidity, are still difficult to represent [e.g., Derbyshire et al., 2004; Del Genio, 2012] . Cumulus parameterization shortcomings are considered to be responsible for some of the difficulties experienced by climate models, such as deficiencies in the simulation of intraseasonal variability, including the Madden-Julian Oscillation (MJO) [e.g., Lin et al., 2006; Thayer-Calder and Randall, 2009; Kim et al., 2011] , or the tendency of models to rain too lightly and too steadily [Stephens et al., 2010] . They also likely contribute to the uncertainty in climate sensitivity [Sanderson et al., 2010] .
[4] Global climate simulations using cloud resolving models are still at their infancy, owing to their computational cost. In recent years, superparameterizations [Khairoutdinov and Randall, 2001] have been developed as a way to partly get round these issues. Despite promising results [e.g., Thayer-Calder and Randall, 2009; Zhu et al., 2009] , this technique has its own difficulties and is still computationally demanding. For this reason and because the development of cumulus parameterizations is also a way to encapsulate our knowledge and understanding of convective processes, it remains imperative to improve convection schemes.
[5] In most cumulus parameterizations, a set of assumptions and parameters is used to represent processes, such as entrainment and detrainment rates, precipitation efficiency, or rain evaporation, which tightly specifies the statistical interactions of an ensemble of convective clouds with its large-scale environment. In nature, however, moist convection exhibits a variety of forms of mesoscale organization, ranging from isolated convective cells a few kilometers across to multicellular thunderstorms to organized mesoscale convective systems, such as squall lines and mesoscale convective complexes [e.g., Redelsperger, 1997; Laing and Fritsch, 1997; Houze, 2004] . Recent cloud-system resolving model (CSRM) studies, carried out in a radiative-convective equilibrium framework (RCE), have also simulated multiple equilibria characterized by different degrees of convective organization [e.g., Bretherton et al., 2005; Khairoutdinov and Emanuel, 2010; Muller and Held, 2012] . The question remains open whether these various types and degrees of convective organization are associated with differences in the ways that convection interacts with the large-scale atmosphere and whether these differences may be captured by current cumulus parameterizations.
[6] Many studies have highlighted that interactions between organized convection and the large-scale atmosphere differ from those associated with ordinary convection by pointing out, among other factors, the shear generation of kinetic energy by distinctive momentum transport of organized convection [Wu and Moncrieff, 1996; Moncrieff and Klinker, 1997] or the role of mesoscale circulations and of the heating profiles associated with anvils and rain evaporation [Houze, 2004] . Consistently, several studies have proposed ways to represent features related to convective organization: Wu and Moncrieff [1996] outlined a dynamical model of organized convection coupled to a mass-flux-based parameterization to calculate the momentum-related effects, Donner [1993] included mesoscale effects of anvils in his cumulus parameterization, Grandpeix and Lafore [2010] developed a parameterization of density currents associated with organized convection, and Mapes and Neale [2011] used a prognostic variable ''org'' to take into account forcings related to any organizational feature. Although these efforts have resulted in some model improvements [e.g., Rio et al., 2009; Mapes and Neale, 2011] , the exploration of features of convective organization that may play an active role in the convection-largescale atmosphere interactions and in the performance of climate models deserves further investigation.
[7] At larger (synoptic) scales, cloud-system resolving model studies have highlighted that, despite similar rain rates and large-scale forcings, different convective aggregation states were associated with different mean atmospheric states [e.g., Bretherton et al., 2005; Muller and Held, 2012] . These results have been confirmed by a recent observational study [Tobin et al., 2012] . Such synoptic relationships can be partially captured by general circulation models (GCMs) since the gridbox size allows for a partial resolution of the large-scale convective organization. The question arises, however, whether there are relationships between the aggregation state of convection and the large-scale atmosphere at the scale of a typical GCM gridbox, i.e., at a scale where the effects related to mesoscale convective organization are likely missing from GCMs? This question provides the motivation for the present study.
[8] Section 2 presents an observational analysis of relationships between mesoscale convective aggregation and the large-scale atmospheric state. Section 3 explores these relationships in a cloud-system resolving model framework. Then, section 4 discusses the implications of our findings for climate and cumulus parameterizations.
Observational Study

Methodology
[9] Statistical relationships between the large-scale atmosphere and the aggregation state of deep convection are investigated in observations over domain sizes typical of a current climate model gridbox. For this purpose, we use the methodology developed by Tobin et al. [2012, hereafter T12] , which consists of compositing large-scale atmospheric variables by the degree of aggregation of convection. This latter is characterized by a combined measure of the number of convective clusters N and the clumping of clusters D 0 within a given domain (see T12). Here, only the number N is used because it is straightforward to interpret: low Ns characterize aggregated convection ( Figure 1a ) while high Ns indicate loose (or ''pop corn'') organization (Figure 1b) . A priori, N is not sufficient to quantify the degree of convective aggregation since numerous clusters (high N) can be considered as aggregated convection if they are clumped. However, it has been shown in T12 and confirmed in the present study that N is statistically sufficient to discriminate between the different degrees of aggregation. This is because the clusters are well distributed over the domain in most cases (see T12). For the purpose of the study, computations of N and large-scale variables are made over 3 3 3 domains (Figure 1 ), instead of 10 3 10 as in T12. To ensure that differences among the aggregation classes are not driven by differences in deep convective intensity within the domains or by differing large-scale forcings, the composites are computed for a given convective intensity, a given Sea Surface Temperature (SST) and comparable large-scale dynamical conditions. The proxy used for the amount of convection is the domain-averaged instantaneous precipitation rate. In addition, domains are selected such as to avoid substantial differences in the total convective area (defined as the sum of the convective clusters areas). Large-scale vertical velocity at 800, 500, and 300 hPa levels is used as a proxy for large-scale dynamics. The large-scale variables analyzed in this study are atmospheric humidity, cloudiness, longwave radiative fluxes at the surface and at the top of the atmosphere (TOA) and shortwave radiation at the TOA.
Data
[10] The number of clusters N is computed from the infrared (10-12.5 mm) brightness temperature (Tb), measured every 30 min by the European geostationary satellite Meteosat 5, at a 5 km spatial resolution at nadir. As in T12, a convective cluster is defined as an area made up of adjacent pixels whose Tb is colder than a threshold of 240 K. Pixels warmer than this threshold are considered as belonging to the environment of deep convection (Figure 1 ). Pixels are considered adjacent either if they share one side (so-called ''four connectivity'') or one side or a corner (so called ''cross connectivity''). Here, the four-connectivity is used as in T12 but our results are not sensitive to this choice. The 240 K threshold value has been chosen in order to locate convective regions as a whole (i.e., core and parts of anvils) and not only convective cells (see T12). However, sensitivity tests to this value have been conducted up to 220 K, which lead to similar results. Note that the Meteosat Tb dataset resolution is much finer than the 50 km Tb dataset used in T12 (which was focusing on the synoptic scale), as required to discriminate between the different degrees of mesoscale convective aggregation over a domain size of 3 3 3 .
[11] The products RAIN, ASST, PRW, and FNET from the 1 3 1 twice-daily Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3) archive [Andersson et al., 2010] are used to compute domain averages of the precipitation rate, SST, precipitable water and the net longwave radiative fluxes at the surface, respectively. Relative humidity is analyzed with the twice-daily 1 3 1 data product derived from the Atmospheric InfraRed Sounder (AIRS) on board the Aqua satellite [Aumann et al., 2003] , and from the FTH product (Free Tropospheric Humidity; Brogniez et al. [2004 Brogniez et al. [ , 2006 derived from Meteosat water vapor radiances (6.2 mm channel) at a 0.625 resolution, 3-hourly. The large-scale dynamics is characterized by the large-scale vertical velocity from ERA-interim reanalyses produced by the European Center for Medium-Range Weather Forecast (ECMWF) [Simmons et al., 2007] . Outgoing longwave radiation (OLR) is derived either from the daily interpolated National Oceanic and Atmospheric Administration (NOAA) OLR at 2.5 resolution [Liebmann and Smith, 1996] or calculated from both Meteosat infrared (IR) and water vapor (WV) channels (5 km resolution at nadir, every 30 min), using the multilinear regression established by Roca et al. [2002] (equation (1).)
where L IR and L WV are the Meteosat IR and WV radiances, h is the zenithal viewing angle of Meteosat, and the values of the regression coefficients are, respectively, 65.48, 14.19, 20.0079, 1.841, 61.33, and 211.03.
[12] The OLR derived from the 3-hourly 2.5 3 2.5
International Satellite Cloud Climatology Project (ISCCP) FD TOA product [Zhang et al., 2004] is also analyzed. The radiative cooling of the atmospheric column is then estimated by subtracting FNET from the OLR products. Cloudiness is characterized by the cloud optical thickness and cloud-top pressure derived from the 3-hourly 30 km ISCCP DX products [Rossow and Schiffer, 1999] . The shortwave radiative fluxes at the TOA, from which the planetary albedo is inferred, are derived from ISCCP FD TOA data.
[13] The analysis presented in this paper is carried out above the tropical Indian Ocean (40 E-100 E/30 S-30 N) during the July 1998-December 2005 period, which corresponds to the overlapping period between the HOAPS archive and the datasets derived from Meteosat 5, then positioned over 0 N-63 E. The analysis has also been conducted over the Atlantic Ocean for the 1990-1999 period, and led to similar findings (not shown). Except for the analysis of OLR-NOAA daily dataset, the analysis is conducted at the instantaneous scale.
Results
[14] The compositing analysis shows that for a given domain-averaged precipitation rate, given SST and large-scale dynamics, the mean atmospheric humidity varies with the degree of aggregation of convection ( Figure 2 ): the more aggregated the convection is (the ). The error bars in (a) and (b) correspond to 6 2r ffiffi n p (r is the standard deviation; n is the sample size). Note that the FTH and AIRS products are both derived from infrared measurements, and are thus ''clear-sky biased.'' Notable differences, however, are found in the absolute values, which probably stem from differing ''cloud-clearing'' methods [Susskind et al., 2003; Brogniez et al., 2006] . lower N), the drier the atmosphere is. Precipitable water differences of about 3-4 kg m 22 are observed between the least and the most aggregated classes (Figure 2a ). Relative humidity (RH) profiles show consistent results and point out that humidity differences stem primarily from the mid and upper troposphere: while relative humidity profiles do not differ much among aggregation classes up to 800 hPa, the free troposphere exhibits differences of about 0.1, which are maximum around 400-500 hPa (Figure 2c ). The analysis of FTH confirms these findings (Figure 2b) . Therefore, convective aggregation and atmospheric humidity are not only anticorrelated at the synoptic scale (T12) but also at the mesoscale.
[15] To investigate whether these humidity differences between aggregation states are associated with differences in cloudiness, we analyze the daytime cloud classification established by ISCCP using the cloud optical thickness and the cloud-top pressure [Rossow and Schiffer, 1999] (Figure 3 ). As expected, aggregated situations appear to be characterized by a reduced cloud amount in the environment. The clear-sky area of the domain increases from a few percent for the least aggregated state to over 15% for the most aggregated state. Despite the lower reliability of the ISCCP classification in the case of overlapping cloud layers, it clearly appears that this cloud amount reduction with increasing aggregation mostly stems from the reduction of the altostratus and cirrostratus cloud amounts.
[16] Differences in humidity and cloudiness are expected to affect longwave radiation. Indeed, the compositing analysis of longwave fluxes reveals that the tropospheric radiative cooling increases by 20-30 W m 22 from the least to the most aggregated states, due to the enhanced longwave radiation escaping to space (OLR) when convection is more aggregated (Figure 4a and 4b) (the net longwave radiative fluxes at the surface do not differ among the aggregation classes). Both Meteosat and OLR-NOAA datasets (Figures 4a and 4b) , along with ISCCP FD OLR dataset (not shown), lead to the same findings qualitatively and quantitatively. Therefore, at the mesoscale, as found at the synoptic scale (T12), convective aggregation is positively correlated with OLR and atmospheric radiative cooling.
[17] The reflected shortwave radiative fluxes at TOA are also likely to be affected by differences in cloudiness. This is examined by compositing the planetary albedo by N. The planetary albedo is defined as the ratio of outgoing shortwave radiation to incoming shortwave radiation. Investigating the albedo instead of the reflected shortwave flux enables us to avoid differences in the latter resulting from differences in the incoming solar flux among the N classes. The planetary albedo is shown to decrease with aggregation, exhibiting a 0.05 difference between the least to the most aggregated convective states (Figure 4c ). Thus, aggregated situations absorb more solar energy than scattered convective situations. The magnitude of the absorbed solar energy difference will depend on the amount of incoming solar radiation, this difference being maximum in the summer warmer season at the maximum insolation time of the day, and being null during nighttime. On average over days, seasons, and years, however, the tropical insolation being about 400 W m 22 , a 0.05 albedo difference leads to a 20 W m 22 difference in reflected shortwave flux between the least and the most aggregated states examined here.
[18] Therefore, as found in T12, shortwave effects largely offset longwave effects at TOA, which results in a weak sensitivity of the Earth's radiation budget to the degree of convective aggregation. However, since the atmosphere is much more transparent to shortwave radiation than to longwave radiation, differences in the shortwave and longwave components are necessarily associated with differing vertical redistributions of energy between the least and the most aggregated states. It is likely to affect the surface and atmosphere energy budgets.
[19] A comprehensive budget analysis, however, requires the investigation of surface turbulent heat fluxes: unlike at the synoptic scale (T12), turbulent fluxes do not exhibit any robust sensitivity to the aggregation state of convection (not shown). As a result, the sensitivity of the surface energy budget to convective aggregation is controlled by differences in shortwave fluxes (since the net longwave radiative fluxes at the surface are not sensitive to the aggregation state) while the sensitivity of the net diabatic heating within the atmosphere is dominated by the longwave fluxes difference. Therefore, the surface gains more energy (by up to $20 W m
22
) and the atmosphere loses more energy (by up to 20-30 W m
) in situations of aggregated convection than in situations of scattered convection.
Cloud-System Resolving Model Analysis
[20] Cloud-system resolving models (CSRM) constitute potential tools for understanding the mechanisms underlying the observed relationships, provided that they are able to reproduce them. Here, we compare the above observational results with analysis results derived from the United Kingdom (UK) Met Office Unified Model (UM).
Model Data and Methodology
[21] The CSRM simulation analyzed here is a 10 daycase study (9-15 April 2009) over a large tropical domain ($20 S-20 N and 42 E-180 E) . This case corresponds to an active phase of the Madden-Julian Oscillation (MJO). This simulation is part of ''Cascade,'' a UK consortium project aiming at better understanding the organization of tropical convection on a wide range of scales. Further details related to this project, the UM and this particular simulation (referred to as ''4 km 3Dsmag'') can be found in Holloway et al. [2012] . The spatial resolution is 4 km, which allows for resolving only the basic cumulonimbus structure. The outputs are available every hour. Since the IR brightness temperature (Tb) is not a model output variable, the OLR variable is used to detect deep convective situations and to compute N. At the spatial and temporal resolutions of the model, the OLR signal comes primarily from the top of clouds, which behaves like a blackbody to first approximation. Thus, the correspondence between Tb and OLR can be assessed through the [22] Note that the quantitative comparison between observations and model results is not straightforward since the parameter N is calculated from 4 km gridboxes in one case and from 5 km pixels in the other case, which results in a different number of pixels within the delimited 300 km domains.
Results
[23] The compositing analysis shows that the CSRM reasonably reproduces the relationships between the aggregation state of convection, atmospheric humidity, and radiation observed at the mesoscale: when convection is more aggregated, the free troposphere is drier (by about 10%) (Figure 5a ), the atmospheric radiative cooling is stronger by about 20 W m 22 due to an enhanced OLR (Figure 5b) , and the planetary albedo is lower by about 0.05-0.07 (Figure 5c ). An analysis of the liquid and ice water content predicted outside deep convective regions reveals that aggregated situations are associated with less condensate in the environment both in terms of amount and spatial extent, especially the ice condensate. This is qualitatively consistent with the observed reduction of upper level cloud amount. Like in observations, the surface turbulent fluxes do not exhibit any significant sensitivity to the aggregation state of convection (not shown). Note, however, that significant differences are found between the CSRMsimulated and observed mean state: the simulated mean OLR, albedo, and upper troposphere humidity are, respectively, 0.15 lower, 20-30 W m 22 higher, and 0.10-0.20 lower than in observations. There are several potential reasons for these biases. First, the observational analysis time period is much longer than the simulation time period, so it is difficult to make statements about the model bias based on these results. However, the 4 km 3Dsmag model does have an overall high OLR bias and dry tropospheric humidity bias compared with observations over the same period (see Holloway et al. [2013] , their Figure 2 and Supporting Information, Figure S1 ). These biases likely reflect limitations on the ability of a 4 km explicit convection model to resolve the full range of cloud processes, including shallow convection and mixing at cloud edges. Furthermore, there are likely to be deficiencies in the ability of subgrid scale parameterizations, such as microphysics and subgrid mixing schemes, to represent subgrid processes. These models have also not been tuned to accurately simulate climatological large-scale radiation fluxes in the way that most global models have been tuned.
Conclusions, Discussion, and Implications
Summary
[24] The observational analysis presented in this paper has highlighted over tropical oceans the existence, at the scale typical of a climate model gridbox, of various degrees of convective aggregation for a given convective activity and large-scale forcings. Furthermore, these different aggregation states are statistically associated with different large-scale atmospheric states. Situations where convection is more aggregated are characterized by a drier free troposphere and a larger fractional clear sky region, due to reduced mid and high-level cloudiness. As a result, longwave radiation escaping to space is enhanced, which leads to a stronger tropospheric radiative cooling on average over the domain. Consistently with the reduced cloudiness, the planetary albedo and the reflected shortwave radiation are lower. Surface turbulent fluxes, however, do not exhibit any significant sensitivity to convective aggregation.
[25] These results show that:
[26] Despite a strong sensitivity of longwave and shortwave radiative fluxes at TOA, on daily to interannual timescales, the Earth's budget is not significantly affected by the aggregation state of convection because of a near cancellation between the shortwave and longwave anomalies.
[27] On the other hand, the surface gains more energy and the atmosphere diabatically losses more energy when convection is more aggregated.
Consistency With Numerical Results and Previous Studies
[28] Additionally, this work shows that the UK Met Office UM at CRSM resolution over a large domain reasonably reproduces the observed relationships. This gives confidence in the performance of such models to treat convection-large-scale atmosphere interactions and increases the robustness of the observational results.
[29] This mesoscale study presents several findings that are consistent with previous studies, both numerical (RCE framework, [e.g., Bretherton et al., 2005; Khairoutdinov and Emanuel, 2010; Muller and Held, 2012] ) and observational (T12), including the fact that on larger scales, for given overall convective intensity and large-scale forcings, deep convection exhibits multiple levels of aggregation which are characterized by different large-scale atmospheric states. For instance, at particular domain sizes and grid resolutions, Muller and Held [2012] simulated two equilibrium states: with horizontally homogeneous initial conditions over the domain, a convective state which does not aggregate is obtained while an initial bubble of moist humidity surrounded by drier air leads to an aggregated state of convection. The Khairoutdinov and Emanuel [2010] simulation also supports the fact that the tropical atmosphere may have these two types of equilibrium states. The relationships between convective aggregation and free-tropospheric humidity along with OLR and tropospheric radiative cooling are also found in the studies cited above. Nevertheless, some differences among the studies are to be noted. Regarding the aggregation-related effect on cloudiness and shortwave radiation, this is also found in T12 but is not simulated by CSRM in RCE (see discussion in T12). This seems, however, to be captured by the UK UM at CSRM resolution. In addition, the absence of an aggregationrelated effect on turbulent surface fluxes at mesoscale differs notably from the findings at larger scale, where a significant effect was found. Note also that some CSRM studies in RCE showed that aggregation was associated to a warmer atmosphere, which is not found in the present study. A possible explanation for this difference may be the mechanism of temperature homogenization by gravity waves, which operates in nature (and potentially over a large numerical domain) but which is prevented over limited domains such as those used in the CSRM studies in RCE.
Underlying Mechanisms
[30] The observed relationships between convective aggregation state and the large-scale atmosphere presumably stem from the interplay of a number of processes. The present compositing analysis does not provide any evidence for identifying these underlying mechanisms and understanding the causality of the relationships. We speculate, however, on particular (and nonexclusive) mechanisms.
[31] A two-way interaction between the aggregation state and the large-scale atmospheric state. On the one hand, convective aggregation could first develop from various factors such as statistical fluctuations, spatial heterogeneity (e.g., hysteris in Muller and Held [2012] ), density currents, etc. Then this aggregated state might lead to a drier atmosphere by reducing the contact area between convective regions and the environment, which results in a reduced mixing between the two regions. Indeed, a larger fraction of convective cells is embedded in moist air, leading to a reduced entrainment of unsaturated environmental air, decreased hydrometeor reevaporation, and thus resulting in an increase of the precipitation efficiency. Thereby, less condensate will be detrained at mid and upper levels, which limits the moistening of the environment, especially at those levels. Furthermore, subsiding environmental parcels are less likely intercepted to mix with moist air from convective regions, which makes the subsidence-induced environmental drying more efficient [Held et al., 1993] . On the other hand, a dry environment would allow for convective development and maintenance only in the aggregated state since this state is likely to reduce the entrainment of dry environmental air entrainment, which would otherwise suppress deep convection. For instance, Khairoutdinov and Emanuel [2010] simulated the fact that a dry free troposphere leads convection to be locked in the aggregated state.
[32] A concomittant evolution of the aggregation state and the large-scale atmospheric state. Previous CSRM studies [Bretherton et al., 2005; Muller and Held, 2012] suggested an instability mechanism: In the environment, the relatively dry free troposphere leads to a stronger negative vertical gradient in moisture [Bretherton et al., 2005 ] and/or low-level cloudiness [Muller and Held, 2012] at the top of the boundary layer, which allows for strong radiative cooling at this level; a shallow subsidence develops to compensate this radiative cooling; this subsiding motion drives a shallow circulation which exports net moist static energy from dry regions to convective regions, causing moist regions to Figure 6 . Cartoon summarizing one possible role of convective aggregation in the large-scale ascent regulation, under the assumption that precipitation (or convective intensity) remains unchanged during the aggregation process. From left to right: (1)-(2) Convection develops together with large-scale ascent: Owing to enhanced surface turbulent fluxes and reduced tropospheric radiative cooling resulting from increased moisture and cloudiness in the atmosphere, the net moist static energy flux input into the atmosphere gets stronger. As a result, the large-scale ascent strengthens in order to export moist static energy out of the atmospheric column. (3) Convection aggregates: moisture and cloudiness are reduced, the net moist static energy flux into the atmospheric column decreases, (4) which weakens the large-scale ascent and, in association with a drier free troposphere, weakens convection. moisten and dry regions to dry further. This circulation is also held partly responsible for the enhancement of turbulent surface fluxes. We may assume that, at mesoscale, such a circulation could not develop as strongly as at larger scale, which could explain the absence of surface flux enhancement with increased aggregation.
[33] Aggregation states and life cycle of convection. The different aggregation states as analyzed in this study could be systematically related to a particular stage of the life cycle of mesoscale convective systems (lasting for 1 to a few days), which could bias the interpretation of the results (i.e., if the nonaggregated state were to correspond to the initial stage of the life cycle while the aggregated state characterized the mature stage of the system). However, an examination of the aggregation state within the few days leading and lagging the time considered in the compositing analysis shows that the aggregation state exhibits a certain persistence (i.e., aggregated states are statistically more aggregated within the few days before and after than nonaggregated states), which is not consistent with the life cycle evolution of a convective system.
Climatic Implications
[34] In their CSRM simulations, Khairoutdinov and Emanuel [2010] found that convective aggregation induced an energy loss for the earth system (surfaceatmosphere) owing to enhanced OLR, leading SST to decrease. Although the latter seems in contradiction with the enhanced surface heating by solar radiation, the enhanced tropospheric radiative cooling is supported by our observational study. Under the quasiequilibrium (QE) assumption, the moist static energy input into the atmosphere (the sum of surface enthalpy fluxes and tropospheric radiative heating) governs the large-scale ascent, and hence convective intensity, for a given gross moist stability [e.g., Neelin and Held, 1987; Raymond et al., 2009] (equation (2)).
where 2x is a measure of the intensity of the large-scale ascent (or low-level convergence), F is the sum of surface enthalpy fluxes and the tropospheric radiative heating, and M is the gross moist stability as defined by Neelin and Held [1987] .
[35] According to the present study, under the assumption that the precipitation rate (or convective intensity) does not change on average during the aggregation process, F would decrease with convective aggregation through enhanced tropospheric radiative cooling. Therefore, provided that M is not significantly affected by the aggregation state of convection (which would need to be assessed), convective aggregation is likely to feed back negatively on the large-scale ascent, and hence on convective intensity.
[36] However, on shorter timescales, by reducing interactions between convection and the unsaturated environment, aggregation may favor the mesoscale enhancement of convection, along with mesoscale ascent, at the expense of neighboring regions, where anomalous subsidence may develop. Indeed, previous CSRM studies dealing with the convective aggregation process [e.g. Bretherton et al., 2005] exhibit more consistency with this scenario. Then, if precipitation and mesoscale ascent increase during the aggregation process, the evolution of moisture and tropospheric radiative cooling with aggregation is not straightforward to foresee (on Figures 2 and 4 , this corresponds to jumping to different ''P colored curves'' while moving towards smaller N).
[37] Further analyses are needed to support the above assumptions.
[38] By affecting couplings between convection, radiation, and large-scale ascent and between convection and moisture, convective aggregation may act as a ''convective regulating mechanism,'' as illustrated in Figure 6 , and hence is likely to play a role in climatic phenomena. For instance, previous CSRM studies have suggested that convective aggregation is favored above warm SSTs [Khairoutdinov and Emanuel, 2010] . The increased radiative cooling of the troposphere together with the enhanced absorption of radiation by the surface, which accompanies convective aggregation, may partly explain the decrease of convective activity above the highest SSTs [Waliser et al., 1993] . This suggestion is consistent with the theory proposed by Tompkins [2001] , who interprets on the basis of CSRM results the emergence of ''hot spots' ' [e.g., Waliser, 1996] as regions where the free troposphere is very dry owing to the self-aggregation of convection in the surroundings. Moisture recovery time allows for SST to warm until convection develops again. Moreover, given that both convection-humidity and convection-radiation couplings are critical in controlling the characteristics of MJO-like phenomena [e.g., Raymond, 2001; Woolnough et al., 2001; Grabowski and Moncrieff, 2004; Bony and Emanuel, 2005] , convective aggregation features have the potential to play an active role in such phenomena. For instance, Figure 7a shows a 3 dayslag between the evolution of the number of convective clusters N and that of convective activity during an intraseasonal event over the Indian Ocean. This lag results in asymmetrical increasing and decreasing phases of the convective activity, with regards to the aggregation state: convection in the latter phase is thus more aggregated than in the former one (e.g., the degree of aggregation at time I and II differ by several clusters). Consistently with the relationships found in this study, OLR is stronger in II than in I despite a similar rain rate. This reduced tropospheric diabatic heating associated with aggregation might help the transition toward the decreasing convective phase. Figure 7b shows that nonaggregated convection, which should be associated with positive moisture and diabatic heating anomalies in the troposphere (according to the present study), frequently occurs in the middle of the Indian Ocean, where the active phase of the MJO is known to be triggered. Both examples raise the question of an active role of the aggregation state in , at 800, 500, 300 hPa, respectively, and an IFA-averaged SST of about 29.2 C. (c) Observed IFA-averaged relative humidity profiles for (a) (solid) and (b) (dashed) [Ciesielski et al., 2003] . the dynamics of the MJO. We believe that these ideas deserve deeper investigation.
Implications for Cumulus Parameterizations
[39] Conventional cumulus parameterizations used in climate models assess the amount of convection from the large-scale resolved atmospheric state (humidity, temperature, winds) and the effects of that convection on the large-scale environment. This is made through closures based on moisture convergence [e.g., Kuo, 1973; Tiedtke, 1989] or quasiequilibrium [e.g., Arakawa and Schubert, 1974; Emanuel, 1990] , among others, and via prescribed parameters governing processes such as entrainment, precipitation efficiency, rain evaporation, or convective cloudiness.
[40] The evaluation and optimization of cumulus parameterizations are often achieved by using single column models (SCM). For this purpose, SCMs are forced with observed large-scale forcings and surface conditions, and the simulated atmospheric properties are compared against those observed (or derived from a CSRM) as averaged over a domain comparable to the model gridbox, such as the Tropical Ocean Global Atmosphere Coupled Ocean Atmosphere Response Experiment (TOGA COARE) intensive fluxes array (IFA) region [e.g., Emanuel and Zivkovic-Rothman, 1999; Bechtold et al., 2000; Bony and Emanuel, 2001 ]. This comparison is generally carried out regardless of the aggregation state of convection. For instance, Figure 8 shows two convective situations observed over the IFA during TOGA COARE. Although both situations are characterized by similar SST and vertical velocities at 300, 500, and 800 hPa, and an equal domainaveraged precipitation rate, they exhibit significant differences in relative humidity and cloudiness: in A, above 600 hPa, the troposphere is drier by 10-20% and midhigh cloud cover is less extended than in B. In view of the statistical relationships highlighted in this study, these differences are consistent with the convective organization contrast between both situations: convection in scene A is aggregated into a unique cluster ( Figure  8a ) while much more scattered in scene B (Figure 8b ). Are conventional convection schemes combined with cloud schemes able to produce different atmospheric states with the same precipitation rate but correspondingly large differences in humidity and cloudiness? Could a particular convective aggregation state be favored in parameterizations owing to their testing against specific cases? In other words, if cumulus parameterizations are tested against well-observed cases of aggregated convection (e.g., scene A), would there be a risk of biasing the modeled precipitation-moisture relationship toward dry conditions, as pointed out by several studies [e.g., Biasutti et al., 2006; Xavier, 2012] ?
[41] Given the number of assumptions and prescribed parameters involved in cumulus parameterizations, the ability of the latter to reproduce observed modulations of convective-radiative and convective-moist couplings associated with the aggregation state of convection is brought into question. The introduction of a prognostic variable ''Aggreg(t),'' which would constitute an additional degree of freedom describing the aggregation state of convection, might be required. This variable would for instance modulate prescribed characteristics of entrainment, precipitation efficiency, rain evaporation, and/or cloud amount and distribution, in order to relax the strong control of the large-scale on convection and to adjust in turn the effects of the latter on the former. To our knowledge, such an approach has been uniquely adopted by Mapes and Neale [2011] . However, efforts consisting in physically representing organizational features [e.g., density currents, Grandpeix and Lafore, 2010] may allow for modulations of convective coupling with the large-scale atmosphere.
[42] The mechanisms controlling the evolution of the aggregation state and how the latter modulates the twoway interaction between convection and the large-scale atmospheric state remain to be determined. The ability of the UK Met Office Unified Model at cloud-systemresolving resolutions to reproduce the observed relationships between the aggregation state of convection and the large-scale atmosphere suggests that it will be possible to use this type of model to gain insights into the causal mechanisms underlying these relationships. This constitutes a priority to guide attempts at parameterizing the effects of convective aggregation.
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